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Basics

• Yoruba is a three-tone system.

• Tone-spreading leads to contours for HLHL sequences:

• Downstep has been reported in several studies, as has 
downdrift (declination) across sequences of L tones.
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UNCORRECTED PROOF

2. Background information

The tonal phonology of Yoruba is relatively well known through the descriptions of Ward
(1952), Akinlabi (1985), and others. However, while different aspects of tonal phonetics have been
examined by Hombert (1977), Connell and Ladd (1990), Laniran (1992, 1995), Laniran and
Clements (1995), Akinlabi and Liberman (1995), and others, many basic questions remain
unanswered. For example, though earlier studies have brought to light the presence of both
downstep and H raising in Yoruba (Connell & Ladd, 1990; Laniran, 1992), the interaction
between these two phenomena, if they are indeed independent, remains unclear. One task, then,
will be to sort out the relative contribution of downstep and H raising to the overall pattern of f0
decline across H tones, and to determine whether both of these factors are independently needed
to account for phonetic generalizations. Another unresolved question concerns whether speakers
use ‘‘foresight’’ or ‘‘hindsight’’ strategies, as discussed in the introduction, to accommodate large
numbers of downsteps in longer utterances. Further questions, specific to downstep in languages
like Yoruba with three (or more) tone levels, include: Does downstep involve just H tones, or does
it affect M and L tones as well? Does downstep affect H tones separated only by L tones, or may
M tones intervene?
This section reviews the basic aspects of Yoruba tone structure and then presents our

experimental method.

2.1. Yoruba tonal structure

Yoruba is a tone language with three lexically distinctive tone levels, as illustrated in (1). In our
transcriptions, H (high) tones are marked with the acute accent (!), L (low) tones are marked with
the grave accent ("), and M (mid) tones are unmarked:

l !u ‘to mix together;’ "ıl !u ‘city;’

lu ‘to perforate;’ "ılu ‘perforator;’

l "u ‘to beat;’ "ıl "u ‘drum:’

ð1Þ

A further aspect of Yoruba tonology essential to the understanding of tone production is Tone
Spread. Whenever a H tone syllable and a L tone syllable come into contact (in either order), the
tone of the first syllable spreads onto the second to create a contour tone. For example, the proper
name M !ay "om!ı, bearing the lexical tone sequence H–L–H, is regularly realized with a falling (HL)
tone on its second syllable and a rising (LH) tone on its third. The effect of Tone Spread is
indicated by the dashed lines in the following representation of the sentence M !ay "

’
om!ı ra "ıw!e

‘M!ay "
’
om!ı bought books’:4

ð2Þ

Each tone in this sequence lags onto the following vowel, turning lexical L tones into falling tones
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Questions and Goals

• Yoruba claimed to have automatic downstep: progressive 
lowering of H tones after L. 

• Is there evidence for downstep, as opposed to declination or 
downdrift of tone levels, which are not conditioned by tone 
sequence.

• How does downstep interact with H scaling. It has been claimed 
that H tones raise before L?

• How much “look-ahead” is there, setting the levels of initial H 
based on the number of down steps that will be encountered in 
the utterance.

3



Experiment 1

• Do H tone sequences show downstep 
effects? ✔

• Do L tone sequences show downstep 
effects?  
less clear. for some speakers—TJ in 
particular—in shorter sequences

• Does a sentence-initial L tone downstep 
a following H tone? ✘

• Are initial H tones scaled higher as the 
number of downsteps increases? ✘

• Does the size of the downstep interval 
decrease as the number of downsteps 
increases? ✘

• Do final H tones drop to lower values in 
sentences with more downsteps?  
small effect only for TJ

• Are later H tones reset to higher values 
in sentences with more downsteps? ✔  
main strategy used to economize pitch 
space by all subjects.

4

Materials: HL sequences of different lengths, 
beginning either with H or L

UNCORRECTED PROOF

downsteps only in the initial downstep span. Regression analysis performed on the full data set
shows a significant correlation only in TJ’s L-initial sentences, tracked by black circles in Fig. 2,
where the value of the initial H tone is set about 1Hz higher for each additional downstep in the
first downstep span (y ¼ 0:97xþ 99:19; r2 ¼ 0:641; p ¼ 0:017). A more thorough study of
‘‘look-ahead’’ in this speaker’s tone production will be undertaken in the presentation of
Experiment 4 (Section 6). Other speakers showed no significant trend in this direction.
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Fig. 2. Downstep patterns of mixed-HL sentences (speaker TJ). Values for L-initial and H-initial sentences are
superimposed (values in Hz).
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with each increase in length, from a value of about 81Hz in the shortest sentences to about
74Hz in the longest ones (y ¼ "1:013xþ 84:198; r2 ¼ 0:821; p ¼ 0:0019). The correlation
remains significant if we use the number of effectively downstepped H tones (thus excluding any
reset H tones) as the independent variable (y ¼ "1:672xþ 82:18; r2 ¼ 0:431; p ¼ 0:0057). For
the other speakers, there is no significant correlation between sentence length and Hf. KG’s
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Fig. 4. Downstep patterns of mixed-HL sentences (speaker FA). Values for L-initial and H-initial sentences are
superimposed (values in Hz).
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5. Does the size of the downstep interval decrease as the number of downsteps increases? Again,
Table 1 shows that this is not the case; scanning the values of the lowering interval H1 !H2

from left to right across Table 1, we see that they do not steadily decrease as sentences become
longer, for any speaker. Regression analysis confirms the lack of any significant effect.

6. Do final H tones drop to lower values in sentences with more downsteps? Table 1 shows an effect
of sentence length on final H tone (Hf ) values only for speaker TJ, and a minimal one at that.
Regression analysis shows that the values of TJ’s final H tones tend to drop by roughly 1Hz
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Fig. 3. Downstep patterns of mixed-HL sentences (speaker KG). Values for L-initial and H-initial sentences are
superimposed (values in Hz).
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Experiment 2

• Is declining ramp of H 
in expt 1 due to 
downstep or overall 
declination (downdrift) 
of H tones ?

- H shows much steeper 
decline in HL sequences.

- First H is much higher in 
HL sequences than all-H. 
Due to H-raising before L

- L shows similar decline to 
expt 1, so effects there 
are likely not due to 
downstep. 

6

Materials:All-H, all-L sequences of different lengths

UNCORRECTED PROOF

4.1. Corpus design

The test sentences used in this experiment fell into three sets: all-H sentences, all-L sentences,
and mixed-HL sentences similar to those used in Experiment 1. These sentences had a syntactic
structure similar to those used in the earlier experiment. There were three length conditions in
each set: (a) long, (b) medium, and (c) short. The test sequences were placed at the beginning of
carrier sentences to absorb any final lowering effects. The sentences used in this experiment are
listed in Appendix B. All sentences were read by TJ and FA and recorded and analyzed as
described earlier.

4.2. Results

Fig. 5 overlays the graphs of mixed-HL sentences with those of the all-H and all-L sentences
(tones of the sentence-final carrier frames are omitted here and in later figures). Graphs for TJ are
shown on the left and those for FA on the right. Sentences are presented from shortest (a) to
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Fig. 5. Superimposed graphs of all-H, all-L and mixed-HL sentences superimposed (left column: TJ, right column:
FA), showing that L tones downstep H tones (values in Hz).
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pretty much the same 
in all-H and H-L



• Patterns of declination 
differ across tones and 
across speakers. No 
regularity.

• FA shows substantial 
declination, greater for H 
tones

• TJ shows declination 
primarily for L tones,

8

Experiment 3 Materials: all-M sequences, LM, MH, LMH seqs,  
of different lengths

UNCORRECTED PROOF

longest (c).6 Each graph shows average values for all tokens. Two measurement points (p1 and p2
as discussed in Section 2.2) are shown for each syllable, aligned as in Fig. 1. Syllables are identified
by tone symbols corresponding to the H and L tones of the mixed-HL sentences. These symbols
should be replaced across the board by H and L tone symbols as appropriate in interpreting the
all-H and all-L sentences.
It can be seen that in all cases, H tones descend more rapidly in the mixed-HL sentences

(tracked with black circles) than in the all-H sentences (tracked with white circles). Considering
the patterns in more detail, we see that the first H tone of the mixed-HL sentences is considerably
higher, in all graphs, than the first H tone of the all-H sentences. In the longer sentences (b) and
(c), TJ’s second H peak is also somewhat higher in the mixed-HL sentences. In several of the
graphs, later H tones in the mixed-HL sentences descend to values well under those of the
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Fig. 6. Superimposed graphs of all-H, all-M, and all-L sentences for TJ and FA, showing differing rates of declination
across different tones (values in Hz).

6Due to an oversight in corpus design, the shortest all-L and all-M sentences (a) read by TJ contained only five
syllables, explaining the absence of values here and in Figs. 6–8 for the last two syllables of the (a) graphs for this
speaker. This oversight was corrected in FA’s test sentences.
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• Is apparent H-raising is 
expt 1 actually due to 
lowering of all-H?

- No, all-H is higher than MH

• Does M trigger down step 
of H?

- No for TJ

- FA shows lowering in MH but 
not more than in all-H

9

UNCORRECTED PROOF

comparable tones in the all-H sentences. These comparisons make it apparent that the sharply
descending H tones in mixed-HL sentences cannot be accounted for in terms of some kind of
general H-tone declination, but crucially depend on the presence of intervening L tones, the
defining condition of downstep.
Comparison of the L-tone patterns leads to a different conclusion. We observe a general

declining pattern across L tones in all of TJ’s mixed-HL sentences, as well as in FA’s mid-length
sentences (b). However, the L tones in the mixed-HL sentences do not descend below the values of
the comparable L tones in all-L sentences (labeled with white triangles). In fact, they often remain
well above them, except for TJ’s sentence-initial L’s which, as in his mixed-HL sentences of
Experiment 1, start at an unusually low value. We thus have no evidence that L tones undergo
downstep in mixed-HL sentences; the L-tone patterns in these sentences are very similar to those
of the all-L sentences. If downstep means a drop below comparable nondownstepped values, most
of the L tones cannot be said to be downstepped in these data. (We return to a discussion of L-
tone patterns in Section 5.3.)
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Fig. 7. Superimposed graphs of mixed-MH, all-M and all-H sentences for TJ and FA, showing that M tones do not
downstep H tones (values in Hz).
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• Is M down stepped by L?

- No, rate of decline of M in 
LM is comparable to 
decline of all-M.

- rate of decline of L in LM is 
comparable to decline of 
all-L.

UNCORRECTED PROOF

4.3. Discussion

Perhaps the most surprising result of this experiment was the unexpectedly high values of H
tones throughout the mixed-HL sentences: the first H tone is set at a value considerably higher
than that of its counterpart in all-H sentences, and later ‘‘downstepped’’ H tones do not, in
general, drop to values much lower than those of the comparable H tones of all-H sentences. This
pattern is unexpected given most earlier accounts of downstep in African languages, in which
successively downstepped H tones are described as dropping to values well under the values of
comparable nondownstepped H tones (recall the discussion of Schachter (1965) in Section 1).
We attribute this pattern to the interaction of Downstep with H raising, which raises the f0

value of any H tone to an extra-high value if it is immediately followed by an L tone. H raising
affects the first H tone of the sentence most prominently since all subsequent H tones are subject
to downstep. Later H tones fail to drop very low since they are also raised before an L. As a result,
the descending H tones never cross into the frequency band characterizing M tones (see M tone
data in the next section). These interacting effects will be examined more closely in Section 8.
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Fig. 8. Superimposed graphs of mixed-LM, all-M and all-L sentences for TJ and FA, showing that L tones do not
downstep M tones (values in Hz).
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• Is H down stepped by L 
when a M intervenes 
(LMH)?

- No. Values of all tones in 
LMH sequences are 
comparable to their 
values in all-H, all-M, all-L 
sequences

- Some possible effects for 
FA. H and M lower than 
the all-H and all-M 
sequences.

UNCORRECTED PROOF

All displayed portions of the mixed-LMH sentences start and end with M tones (as before, we
omit the final carrier frames). In general, values of H, M and L tones in the mixed-LMH sentences
tend to approach those of the comparable tones in the like-tone sentences fairly closely, and we do
not find the consistent upward shift of early H tones to extra-high levels that we found in the
mixed-HL sentences (cf. Fig. 5), nor any consistent downstepping effect on later H tones.
However, we note some interspeaker differences. First, TJ’s first M tone is much higher than
expected in both sentence lengths, perhaps as an effect of local assimilation to the following H.
Second, in both of FA’s sentence lengths, H and M tones are lower than the corresponding tones
of the all-H and all-M sentences, and in her longer LMH sentence (b) H tones descend more
rapidly than they do in the corresponding all-H sentence. These effects might suggest that L tones
downstep both H and M tones here, but we have already seen (in Fig. 8) that L tones do not
downstep M tones in other data produced by this speaker. As speaker TJ shows no similar effects,
we must conclude that any such effects, if they can be confirmed, are speaker-specific and perhaps
context-specific at best.
These graphs also show that L tones tend to have the same pattern of gradual decline in the

mixed-LMH sentences that they have in all-L sentences, giving further evidence that L tones are
subject to background downdrift, even when separated by other tones.10
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Fig. 9. Superimposed graphs of mixed-LMH, all-H, all-M, and all-L sentences in medium-length (a) and long (b)
sentences, for speakers TJ and FA. Only one graph (lower right) shows apparent downstep of H tones after LM
sequences (values in Hz).

10This effect is clearly visible in TJ’s data, less so in FA’s. We have no explanation for the unexpectedly high value of
FA’s penultimate L syllable; especially in (a), this syllable appears to bear a phonological falling (HL) tone.
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Summary Expts 1-3

• Downstep applies to  H tones, but not to L tones, in mixed-HL 
sentences. 

• H raising interacts with downstep to raise the values of all H 
tones preceding L tones. 

• L tones do not downstep M tones, nor do M tones downstep H 
tones. 

• L tones do not appear to downstep H tones at a distance, but 
only when adjacent to them. 

• No evidence for global lowering (‘‘total downstep’’) of all-H 
sentences. 

12



Experiment 4
• Materials

• Test:

• Preplanning:  compare first H in 7-8 to that in 9.

• Does H-raising operate independently of downstep: H raising 
in 3 and 6?

13

UNCORRECTED PROOF

Set A ðHHHYyÞ Set B ðHMHYyÞ Set C ðHLHYyÞ
1: HHHHy 4: HMHHy 7: HLHHy

2: HHHMy 5: HMHMy 8: HLHMy

3: HHHLy 6: HMHLy 9: HLHLy

ð4Þ

Sentences 7–9 provide contexts for downstep, and sentences 3 and 6–9 provide contexts for H
raising (two contexts, in the case of sentence 9).
The null hypothesis is that there are no preplanning effects in Yoruba tone production. If this

hypothesis is true, values of the first H tone in these sentences should be independent of the choice
of the fourth tone. Thus, the first H tone in sentence 9 should have the same peak value as the first
H tone in sentences 7 and 8, since the presence of the later L tone in sentence 9 should have no
effect on its realization. A further prediction (abstracting from any further effects such as
declination) is that the initial H tone in sentence 9 should have the same peak value as the H that
precedes the L in sentences 3 and 6, since all occur in the H raising context, and none are subject
to downstep.12

6.2. Results

Data for all speakers are shown graphically in Fig. 10.
Graphs in the first column present the overlaid f0 tracks of the three sentences of Set A, those in

the second column those of Set B, and those in the third column those of Set C. The first H of the
following sentence frame is included at the end of each graph. Within each graph, the only factor
that varies is the choice of the fourth tone, Y, of the formula HXHY. Two f0 values are shown for
each syllable. For ease of reference, the first three f0 values have been labelled a; b; and c: Points a
and b always correspond to the first H tone. Point c also corresponds to the first H tone in the set
C sentences, due to the effect of Tone Spread (2) onto the following L tone syllable. In all other
cases, point c represents the first value of the lexical tone of the second syllable.
These graphs show that all speakers have applied Downstep to the second tone in HLH

sequences as expected (cf. the first and second H tone peaks in the set C sentences). An
examination of sentences 3, 6, and 9 (tracked with black circles) shows that all speakers have also
applied H raising: H tones are in all cases higher before L tones than they are in the comparable
sentences (tracked with white circles) where they occur before H and M tones. This result confirms
the independent role of H raising in Yoruba.
Let us now attempt to determine whether there is a ‘‘long-distance’’ dependency between the

peak values of the first H tone and the choice of tone Y in the set C sentences. As noted above, the
null hypothesis is that there will be no such effect. We thus expect to find no difference between
the peak value of the first H tone in sentence 9 (HLHL) and those of sentences 7 (HLHH) and 8
(HLHM). We see, however, that for three speakers, TJ, KG, and BJ, the values of the first H at
points b and c in sentence 9 are higher than those at the same point of sentences 7 and 8. In other
words, for these speakers, the choice of Y=L in the HLHY sentences correlates with extra-high
values of the first H tone, a long-distance effect. Quantitative values for these speakers, showing
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12We thank Mary Beckman for pointing out this further prediction to us.

Y.O. Laniran, G.N. Clements / Journal of Phonetics ] (]]]]) ]]]–]]]24

YJPHO : 193



14

UNCORRECTED PROOF

differences between the first H peak in sentence 9 and the comparable peaks in sentences 7 and 8,
are given in the second and third columns of Table 3.
A second prediction of the null hypothesis is that the first H tone in sentence 9 (HLHL) should

have the same peak values as the last H tones in sentences 3 (HHHL) and 6 (HMHL), since none
of these tones are downstepped. This prediction is also incorrect. The peak value of the first H
tone in the HLHL sentence is consistently higher, this time for all four speakers and by somewhat
larger margins of 5–9Hz, than the peak H tone values of the last H tones in sentences 3 and 6.
Values are given in the fourth and fifth columns of Table 3. This result again demonstrates a
‘‘long-distance’’ anticipation of the L tone three syllables away.
As the f0 differences here are rather small, averaging around 6Hz, we performed a two-way

ANOVA on these data to detect interactions of the first H tone (H1) with tone Y as well as with
the immediately following tone X in HXHY sentences at points a; b; and c: An interaction of H1
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Fig. 10. Realizations of HXHY sentences for four speakers (Experiment 4) (values in Hz).
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differences between the first H peak in sentence 9 and the comparable peaks in sentences 7 and 8,
are given in the second and third columns of Table 3.
A second prediction of the null hypothesis is that the first H tone in sentence 9 (HLHL) should

have the same peak values as the last H tones in sentences 3 (HHHL) and 6 (HMHL), since none
of these tones are downstepped. This prediction is also incorrect. The peak value of the first H
tone in the HLHL sentence is consistently higher, this time for all four speakers and by somewhat
larger margins of 5–9Hz, than the peak H tone values of the last H tones in sentences 3 and 6.
Values are given in the fourth and fifth columns of Table 3. This result again demonstrates a
‘‘long-distance’’ anticipation of the L tone three syllables away.
As the f0 differences here are rather small, averaging around 6Hz, we performed a two-way

ANOVA on these data to detect interactions of the first H tone (H1) with tone Y as well as with
the immediately following tone X in HXHY sentences at points a; b; and c: An interaction of H1
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Fig. 10. Realizations of HXHY sentences for four speakers (Experiment 4) (values in Hz).
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r to the result, as shown:

Hn ¼ dn"1ðH1 " rÞ þ r: ð6Þ

As an example, given the numerical values of the example following (5) above, the third H tone in
a downstepping HLHLH sequence would be assigned the integer 3 under the Categorial model
and would then receive the speaker-specific value of 136Hz (0:62ð200" 100Þ þ 100) under the
Gradient model.17

Let us now consider the quantitative scaling of downstepping tones in Yoruba, asking the
following questions: Do speakers use the soft-landing algorithm described in (6)? If not, what
other algorithms are used? We shall see evidence below that while one speaker does use the soft-
landing approach to downstep implementation, others use a ‘‘hard-landing’’ model in which
downstepped H tones fall abruptly to the reference line in one or two steps.
Let us consider the downstep patterns of speakers TJ, KG, and FA. Values of the downstepping

H tone peaks H12H4 in the first downstep span for these speakers are given in Table 6 for the L-
initial and H-initial sentences of Experiment 1, together with values of the final H tone (Hf). All
values are averages in Hz over mean values of sentences of all lengths. Since these values are taken
only within the first downstep span, they exclude values of reset tones; for example, a value of H4

was excluded from the average if it was higher than that of H3.
An examination of Table 6 reveals two general patterns. For TJ and FA, the magnitude of the

drop between two successive H tones decreases steadily across the downstep span. For KG, in
contrast, the drops are about equal in magnitude. (Only three values are given for this speaker,
who normally reset his H tones on H4.)
Let us attempt to see what principles underlie these patterns. For TJ, the values of the first four

downstepped H tones in the first span can be modelled to a good first approximation by the soft-
landing model embodied in expression (6). We can take his value of the reference line r to be equal
to that of Hf, the sentence-final H tone. We thus have r ¼ 77:4Hz for the L-initial sentences and
r ¼ 77:7Hz for the H-initial sentences. The value of d is then calculated on the basis ofH1,H2 and
r by
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Table 6
Values of downstepping H-tone peaks 1–4 in the first downstep span of the L- and H-initial sentences of Experiment 1
for speakers TJ, FA, and KG

TJ FA KG

L-in H-in Pooled L-in H-in Pooled L-in H-in Pooled

H1 102.1 100.7 101.4 211.7 219.9 215.8 149.4 146.7 148.0
H2 94.6 92.1 93.4 182.6 189.0 185.8 127.1 123.7 125.4
H3 88.3 85.2 87.3 174.1 175.8 175.0 104.4 101.7 103.1
H4 84.6 82.8 83.7 170.4 174.5 172.4 — — —
Hf 77.4 77.7 77.6 168.1 170.5 169.3 84.2 81.7 82.9

Values are averages in Hz over mean values of sentences of all lengths. The last row shows average values of sentence-
final H tones (Hf ).

17Expression (5) assigns a Hz value to any H tone regardless of the sequence in which values are calculated, and so
unlike the algorithm in (4) does not require left-to-right iterative application.
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d ¼ H2 " r=H1 " r: ð7Þ

Given the values of H1 and H2 shown in Table 6, we obtain d ¼ 0:70 for the L-initial sentences
and d ¼ 0:63 for the H-initial sentences.
We may test the fit of this model to the data by predicting the values of later H tones from those

of H1 by expression (6) and comparing them with the observed values. The result is shown
separately for L- and H-initial sentences in Fig. 13.
Fig. 13 overlays the observed values H tone values (shown by the white tracking symbols) and

the predicted H tone values (shown by the black symbols). As this figure shows, the fit between
observed and predicted values of the later tones18 is very good; the largest difference between
predicted and observed values is 1.3Hz, which is about what we would expect if H downdrift is
operating in the background (cf. Table 2). This fit confirms the choice of Hf as establishing the
reference line r: This choice has an obvious functional motivation, as it allows downstep to apply
freely across sequences of H tones while keeping them well above the values of M tones.
The ‘‘soft-landing’’ model was also fitted to the independent data provided by TJ’s mixed-HL

sentences of Experiment 2 (displayed in Fig. 5). As we did not record values of the final H tones of
the carrier sentence in these sentences, we took r ¼ 77:4Hz, as in the L-initial sentences of
Experiment 1. Proceeding on this basis, we obtained a downstep ratio of 0.68. Comparison of
predicted and observed values for H3 and H4 gave the following result: H3 predicted=88.7,
observed=87.5 ("1.2Hz); H4 predicted=85.1, observed=85.8 (+0.7Hz). These small discre-
pancies are reasonable considering that Experiment 2 data set (containing three mixed HL-
sentences) was smaller than that of Experiment 1 (with eight sentences). This result provides
independent confirmation of the appropriateness of the soft-landing model to TJ’s data.
FA’s Table 6 pattern appears at first sight to lend itself to a similar analysis, but we must factor

out her rather large amount of H tone downdrift, as shown earlier in Fig. 6 and Table 2, which
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Fig. 13. Plot of observed vs. predicted H tone values in the initial downstep span of the L- and H-initial mixed-HL
sentences for speaker TJ, as predicted by the expression Hn ¼ dðHn"1 " rÞ þ r (values of r and d for each data set are
given in the text).

18Comparison of the H1 and H2 values, which are identical (H1=101.5, H2=93.9) is irrelevant, since these values
were used in calculating the downstep ratio.
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UNCORRECTED PROOF8.2. H tone raising

We next consider how H raising interacts with downstep. The magnitude of H raising can be
estimated by comparing raised vs. unraised H tones in similar contexts. Several of the sentences
from Experiment 4 data permit us to do this. Table 7 presents data comparing average values of
raised (H+) and unraised sentence-initial H tones for speakers TJ and FA based on the sentences
of Experiment 4. Values for the raised H+ are calculated from the average of the first H tone
peaks in sentences 7 (HLHH) and 8 (HLHM), and values for the unraised H are taken from the
average of the first H peaks in sentences 4 (HMHH) and 5 (HMHM).
Since we did not record the value of the final H tone (Hf) in these sentences, the value of r

shown in the next-to-last row is taken from that of Hf in the H-initial sentences of Experiment 1.
How can the H raising factor be defined? A first approach might be to take the H raising

increment simply as the difference between H+ and H, as shown by the line headed D(H+!H) in
the table. However, it would be convenient, in the absence of evidence to the contrary, to take it as
the ratio u (‘‘upstep’’) of the respective distances of H+ and H above the reference line r (that is,
Hþ ! r=H ! r), since in that way all the H tones in a downstepping HLHLHL sequence will
descend in the same proportion, preserving the downstep ratio. Under this approach, the H
raising factor u is calculated as 1.53 for TJ and 1.65 for FA, as shown in the last row of Table 7.
The value of a raised H tone (H+), abstracting from all other factors, is then given by

Hþ ¼ uðHb ! rÞ þ r; ð9Þ

where Hb is the base value at which a H tone would theoretically be realized if H raising did not
operate on it. (In sentence-initial position, this is just the value of the unraised H as shown in Table 7.)
We may now consider how downstep and H raising interact. Let us examine sentences 5 (HMHM),

8 (HLHM), and 9 (HLHL) of Experiment 4, which were earlier graphed in Figs. 10 and 12. In
sentence 5, neither factor is expected to apply to either H tone, and both should be realized around
their base valueHb: In sentence 8, the first H is raised and the second downstepped. In sentence 9, the
first H tone should be raised and the second both raised and downstepped. Fig. 12, comparing the f0
traces of sentences 8 and 9, has already confirmed the latter differences.
How can the H tone values in these three sentences be predicted? The value of any H tone is a

function of the factors that culminate on it. In a downstepping sequence of H tones, some of
which are subject to H raising, the value of the nth H tone (abstracting from all further factors) is
given by
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Table 7
Average values of raised (H+) and unraised sentence-initial H tones in Experiment 4 sentences for speakers TJ and FA

Speaker TJ FA

Raised H (H+) 111.0 219.5
Unraised H (H) 99.5 200.2
DðHþ !HÞ 11.5 19.3
R ¼ Hf 77.7 170.5
u (Raising factor) 1.53 1.65

Values for the raised H+ are calculated from the average of the first H tone peaks in sentences 7 and 8, and values for
the unraised H from the average value of the first H in sentences 4 and 5.
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Hn ¼ /uSdn"1ðHb " rÞ þ r: ð10Þ

The bracketed raising factor /uS is selected just in case the target Hn is followed by L. The rest
of the expression is adapted from (6), with Hb replacing H1, to which it is usually equivalent. We
may calculate values of d for Experiment 4 data set on the basis of the values of H1 and H2 in
sentence 9 and of r in Table 7, giving for example d ¼ 0:75 for speaker TJ.
As an illustration, H2 in TJ’s sentence 9 (HLHL), subject to both downstep and raising, is

calculated by substituting the appropriate values into (10), giving in this case 102.7Hz. Table 8
gives the predicted values for sentences 5, 8, and 9 obtained in this way, and compares them with
observed values (in parentheses).
The comparisons of interest here are the H2 values, as well as the H1 value of sentence 9. We

can take the fit to be a good first approximation if any major discrepancies between the predicted
and observed values go in the expected direction, given what we know about other interacting
factors which have not been modeled here.
In this case, we find two major discrepancies. The first is that the predicted value of H2 in

sentence 8 overestimates the observed value by nearly 4Hz. This discrepancy can be explained, at
least in part, by the lowering effect of M tones in TJ’s speech, discussed in connection with Fig. 7
earlier. A further complicating factor here is that Tone Spread (2) causes the tone sequence over
these four syllables to be realized as [H–HL–LH–M], in which the second H of the lexical melody
HLHM is realized only as the second element of a rising (LH) contour tone; the speaker has little
time to reach the expected H target at the end of the third syllable before before moving back
down to the M tone on the fourth syllable, and may consequently undershoot the H target.20 If
this reasoning is correct, the discrepancy here goes in the expected direction. The second major
discrepancy involves the two H tones of sentence 9, where the predicted values this time
underestimate the expected values by a margin of 4–5Hz. It will be recalled from the discussion of
Experiment 4, however, that TJ is one of the speakers who anticipates the later downstep ‘‘at a
distance’’ in this sentence by initializing the first H tones at a higher pitch. This anticipation,
persevering into H2; would account for most of the discrepancy here.
To summarize, we have seen that the interacting factors of downstep and H raising may target

the same H tone, leading to a ‘‘compromise’’ between the values that would be expected if only
one or the other of these two factors were at work. Needless to say, the quantitative model
proposed here is preliminary and must be confirmed by further experimentation, including explicit
modeling of other interacting factors that we have not taken into account here.

8.3. H resetting

Let us next consider the H resetting pattern. Table 9 gives a summary of f0 values for the initial
H tone and all following reset H tones (Hr) in the longer sentences (d)–(h) of Experiment 1 data,
showing averaged values for L-initial, H-initial and pooled sentences. A H tone is considered reset
in these data if it is higher that the preceding H, by however small an amount. (In the very few
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data; see Appendix A for discussion.
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cases in which successive H tones rise in pitch, only the final one is counted as reset.) Final tones
(Hf) were not included in the averages as they were potentially affected by final lowering.
All reset H tones have values well below those of H1. As a further trend, each successive Hr is

lower than the preceding one in all cases but one (FA’s L-initial Hr2, resulting from exceptionally
high values in the longest sentence in this set). Furthermore, each drop tends to be smaller than
that of the preceding one, except for KG’s H-initial Hr3, based on only one sentence mean.
However, these general trends do not hold in all of the individual sentence tokens from which the
means were calculated. Also, standard deviations over the ten averaged sentences, though not
large (average values TJ=2.3, KG=3.0, FA=5.9), suggest caution in interpreting the very small
differences between later pairs of reset values.
Keeping these provisions in mind, we note that the resetting pattern of two speakers, KG and

TJ, shows some resemblance to the ‘‘soft landing’’ downstep pattern of speaker TJ discussed in the
previous section; here it is the successive reset H tones that appear to fall smoothly toward a
reference line. To evaluate this interpretation, we may overlay predicted and observed values of
reset H tones as we did for downstep in Fig. 13 above. Let us use the symbol r0 for the reference
line toward which reset H tones appear to fall, and d0 for the downstep factor which models the
slope of successive reset H tones. For TJ, the value of r0 which best fits the data is 83.2Hz. His
downstep factor d 0 is calculated at 0.38 by expression (11), based on (7) above:

d 0 ¼ Hr1 " r=Hin " r: ð11Þ

For KG, the best fit for r0 lies at 112.9Hz, and d0 is calculated at 0.10. It will be noted that the
value of r0 which best fits the descending H tone values lies well above the final H tone (Hf) values
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Table 8
Predicted and observed values of the H tones in TJ’s sentences 5, 8, and 9 (observed values are parenthesized)

Sentence 5 (HMHM) H1 99.5 (99.5)
H2 99.5 (100.1)

Sentence 8 (HLHM) H1 111.1 (110.6)
H2 94.1 (90.5)

Sentence 9 (HLHL) H1 111.1 (115.9)
H2 102.7 (106.5)

Table 9
Resetting patterns in the mixed-HL sentences of Experiment 1

TJ FA KG

L-in H-in pooled L-in H-in pooled L-in H-in pooled

H1 102.7 100.5 101.6 211.2 223.0 217.1 149.7 146.4 148.0
Hr1 90.0 90.4 90.2 175.7 181.9 178.8 117.2 115.5 116.4
Hr2 85.1 86.7 85.9 181.0 176.5 178.3 111.9 114.6 113.2
Hr3 — 83.1 83.1 — — — 110.1 111.4 110.8

Values are averages in Hz over pooled H- and L-initial sentences (d)–(h). H1=first H tone, Hrn=nth reset H tone. Only
three values are given for FA, who normally reset only twice in our data.
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cases in which successive H tones rise in pitch, only the final one is counted as reset.) Final tones
(Hf) were not included in the averages as they were potentially affected by final lowering.
All reset H tones have values well below those of H1. As a further trend, each successive Hr is

lower than the preceding one in all cases but one (FA’s L-initial Hr2, resulting from exceptionally
high values in the longest sentence in this set). Furthermore, each drop tends to be smaller than
that of the preceding one, except for KG’s H-initial Hr3, based on only one sentence mean.
However, these general trends do not hold in all of the individual sentence tokens from which the
means were calculated. Also, standard deviations over the ten averaged sentences, though not
large (average values TJ=2.3, KG=3.0, FA=5.9), suggest caution in interpreting the very small
differences between later pairs of reset values.
Keeping these provisions in mind, we note that the resetting pattern of two speakers, KG and

TJ, shows some resemblance to the ‘‘soft landing’’ downstep pattern of speaker TJ discussed in the
previous section; here it is the successive reset H tones that appear to fall smoothly toward a
reference line. To evaluate this interpretation, we may overlay predicted and observed values of
reset H tones as we did for downstep in Fig. 13 above. Let us use the symbol r0 for the reference
line toward which reset H tones appear to fall, and d0 for the downstep factor which models the
slope of successive reset H tones. For TJ, the value of r0 which best fits the data is 83.2Hz. His
downstep factor d 0 is calculated at 0.38 by expression (11), based on (7) above:

d 0 ¼ Hr1 " r=Hin " r: ð11Þ

For KG, the best fit for r0 lies at 112.9Hz, and d0 is calculated at 0.10. It will be noted that the
value of r0 which best fits the descending H tone values lies well above the final H tone (Hf) values
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Table 8
Predicted and observed values of the H tones in TJ’s sentences 5, 8, and 9 (observed values are parenthesized)

Sentence 5 (HMHM) H1 99.5 (99.5)
H2 99.5 (100.1)

Sentence 8 (HLHM) H1 111.1 (110.6)
H2 94.1 (90.5)

Sentence 9 (HLHL) H1 111.1 (115.9)
H2 102.7 (106.5)

Table 9
Resetting patterns in the mixed-HL sentences of Experiment 1

TJ FA KG

L-in H-in pooled L-in H-in pooled L-in H-in pooled

H1 102.7 100.5 101.6 211.2 223.0 217.1 149.7 146.4 148.0
Hr1 90.0 90.4 90.2 175.7 181.9 178.8 117.2 115.5 116.4
Hr2 85.1 86.7 85.9 181.0 176.5 178.3 111.9 114.6 113.2
Hr3 — 83.1 83.1 — — — 110.1 111.4 110.8

Values are averages in Hz over pooled H- and L-initial sentences (d)–(h). H1=first H tone, Hrn=nth reset H tone. Only
three values are given for FA, who normally reset only twice in our data.
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of both speakers: 77Hz for TJ, and 83Hz for KG. Thus, reset H tones will always remain distinct
from unreset H tones, no matter how much resetting takes place.
Predicted and observed resetting patterns are shown for KG and TJ in Fig. 14. They show a

fairly good overall fit, the main divergence being an overestimation of the third reset H tone Hr3

by 1–2Hz for both speakers.
The fact that the divergence goes in the same direction for both speakers suggests, however, that

the soft-landing model might not be providing the best possible fit to these data. KG’s pattern,
and less evidently TJ’s, might alternatively be described as involving a single drop to a new H tone
ceiling. In this view, the very small subsequent drops (not exceeding 3 or 4Hz) might be
interpreted as resulting from background downdrift operating on H tones, as observed elsewhere.
These two interpretations of TJ’s and KG’s data make nearly identical predictions. However,
FA’s resetting pattern as shown in Table 9 seems clearly best interpreted in terms of the hard-
landing model, since the very small difference between her Hr1 and Hr2 values is well accounted
for by H tone downdrift, especially prominent in this speaker. That H tone downdrift does
operate in the background in FA’s speech was already seen in the earlier discussion of FA’s
mixed-MH sentences (Section 5.2). Her resetting pattern can then be described as a single drop to
a value of around 178Hz for Hr1 followed by continuation along a gradually downdrifting
plateau for any following reset H tone. The value of 178Hz, like that of the reference line r value
estimated for the other speakers, is well above her final H tone value of 169Hz.21

Higher-level downstep patterns such as those observed here, suggesting a fractal-like
embedding of smaller patterns into larger patterns of identical structure, have generated some
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Fig. 14. Plot of observed vs. predicted H tone values in sequences of reset H tones (Hr) for speakers KG and TJ,
calculated as for downstep (Fig. 13). Variable settings: for TJ, r0 ¼ 83:17Hz, d 0 ¼ 0:38; for KG, r0 ¼ 112:86Hz,
d 0 ¼ 0:10Hz.

21Other interpretations of the resetting patterns seem generally less satisfactory. One alternative might claim that the
declining values of all reset H tones are due to H tone downdrift. However, Fig. 5 has shown that the rate of decline
between the first H tone and the first reset H tone is much greater than the rate of decline across H tones in the
comparable portions of all-H sentences, at least for the two speakers TJ and FA. The alternative view would have to
explain this discrepancy, and would still fail to explain why TJ’s resetting patterns fall toward an asymptote instead of
showing a linear decline.
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cases in which successive H tones rise in pitch, only the final one is counted as reset.) Final tones
(Hf) were not included in the averages as they were potentially affected by final lowering.
All reset H tones have values well below those of H1. As a further trend, each successive Hr is

lower than the preceding one in all cases but one (FA’s L-initial Hr2, resulting from exceptionally
high values in the longest sentence in this set). Furthermore, each drop tends to be smaller than
that of the preceding one, except for KG’s H-initial Hr3, based on only one sentence mean.
However, these general trends do not hold in all of the individual sentence tokens from which the
means were calculated. Also, standard deviations over the ten averaged sentences, though not
large (average values TJ=2.3, KG=3.0, FA=5.9), suggest caution in interpreting the very small
differences between later pairs of reset values.
Keeping these provisions in mind, we note that the resetting pattern of two speakers, KG and

TJ, shows some resemblance to the ‘‘soft landing’’ downstep pattern of speaker TJ discussed in the
previous section; here it is the successive reset H tones that appear to fall smoothly toward a
reference line. To evaluate this interpretation, we may overlay predicted and observed values of
reset H tones as we did for downstep in Fig. 13 above. Let us use the symbol r0 for the reference
line toward which reset H tones appear to fall, and d0 for the downstep factor which models the
slope of successive reset H tones. For TJ, the value of r0 which best fits the data is 83.2Hz. His
downstep factor d 0 is calculated at 0.38 by expression (11), based on (7) above:

d 0 ¼ Hr1 " r=Hin " r: ð11Þ

For KG, the best fit for r0 lies at 112.9Hz, and d0 is calculated at 0.10. It will be noted that the
value of r0 which best fits the descending H tone values lies well above the final H tone (Hf) values
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Table 8
Predicted and observed values of the H tones in TJ’s sentences 5, 8, and 9 (observed values are parenthesized)

Sentence 5 (HMHM) H1 99.5 (99.5)
H2 99.5 (100.1)

Sentence 8 (HLHM) H1 111.1 (110.6)
H2 94.1 (90.5)

Sentence 9 (HLHL) H1 111.1 (115.9)
H2 102.7 (106.5)

Table 9
Resetting patterns in the mixed-HL sentences of Experiment 1

TJ FA KG

L-in H-in pooled L-in H-in pooled L-in H-in pooled

H1 102.7 100.5 101.6 211.2 223.0 217.1 149.7 146.4 148.0
Hr1 90.0 90.4 90.2 175.7 181.9 178.8 117.2 115.5 116.4
Hr2 85.1 86.7 85.9 181.0 176.5 178.3 111.9 114.6 113.2
Hr3 — 83.1 83.1 — — — 110.1 111.4 110.8

Values are averages in Hz over pooled H- and L-initial sentences (d)–(h). H1=first H tone, Hrn=nth reset H tone. Only
three values are given for FA, who normally reset only twice in our data.
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• Problems:

• Regularity of divergence

• Maybe one step down and 
then downdrift, particularly 
for FA

• Later spans doesn't fit

• Pragmatic and discourse 
level

• Variability

Reset patterns: F0 of successive resets

What kind of dynamical model 
would actually produce resets??



Why does a language have both 
downstep and H-raising

• Conspire to keep H out 
of M range, while still 
allowing the “terracing” 
that down step provides.

• My problems with this

• This conspiracy is not 
actually part of the 
models.

• This argument refers to 
function, but what is the 
function of downstep? 
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UNCORRECTED PROOF
9. Conclusions

This study has motivated a compositional approach to tone production in which the overall shape
of an f0 contour is viewed as resulting not from any single factor (such as downstep) but from the
interaction of a number of factors, each of which can vary independently of the others to at least some
degree. Earlier approaches to the study of pitch and intonation based on a similar view include
Thorsen (1983), Vaissi"ere (1983), Pierrehumbert and Beckman (1988), Clements (1990), Berg et al.
(1992), and Ladd (1996). The major new contribution of our study has been to confirm the interaction
of H raising and other factors with downstep in accounting for f0 contours in a tone language,
Yoruba. Furthermore, by extracting H raising as an independent effect, we have been able to isolate
the properties of downstep as such and show that for some speakers, it is similar to downstep as it has
been described in English, Japanese, Dutch, and other nontonal languages. This result supports the
widely assumed, but previously unsubstantiated view that downstep in nontonal languages may be of
the same fundamental nature as downstep in African languages.
Other effects besides downstep have been found to contribute to f0 decline within and across

the utterance. These include ‘‘background’’ downdrift across single tone levels, long-distance
anticipatory raising of initial H tones before LHL sequences, and local ‘‘carry-over’’ assimilation.
H resetting resembles downstep in that it resets the ceiling for following H tones, though its
implementation is quantitatively different from downstep. Another result of this study is that
speakers vary considerably in their implementation of downstep, some using a model of gradual
decay toward a reference line while others drop in a single step, or two steps of equal magnitude.
In spite of these differences, these various approaches interact with resetting to produce f0
contours in which there is always room for further, perceptually prominent downsteps, while
insuring that H tones will not penetrate the frequency band reserved for M tones.
While we have found evidence that tone production in tone languages makes reference to abstract

‘‘tone levels’’ such as H and L, as has been proposed in earlier work (Clements, 1979), we have found
no evidence for the manipulation of the full set of tone levels as a whole, corresponding to what some
linguists have called ‘‘register shift’’ or ‘‘key lowering’’—i.e., a shift of all tone levels downward or
upward as a block. That this does not take place in Yoruba is shown by the fact that downstep of H
tones does not entail downstep of L tones (see Table 5). It is still an open question, however, whether
downstep of H tones entails downstep of following M tones (but see discussion of data from FA
following Fig. 15). The application of downstep to both H and M registers at once, if this can be
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Fig. 15. Superimposed graphs of the longest mixed-HL and all-M sentences of Experiments 2 and 3 for TJ and FA. It
can be observed that downstepping H tones do not descend below the M line (values in Hz).
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